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SPECIFICATION 

WAVELENGTH CONVERTING LASER DEVICE AND DISPLAY DEVICE 




TECHNICAL FIELD 
The present invention is related to a laser device and is especially 
related to wavelength conversion technology which can convert a laser to a 
short-wavelength laser. 



BACKGROUND ART 

Recently, as a light source used in the field of optical information 
processing, research and development of a producing visible laser, such as 
green and blue laser has been proceeding. As one kind of visible laser, a 
wavelength converting laser device which converts near-infrared laser into 
short-wavelength laser by wavelength conversion is known. 

Generally speaking, a wavelength converting laser device includes, a 
wavelength converter including a nonlinear optical material disposed either 
inside or outside of an optical resonator for a laser diode or a solid-state laser. 



A laser (a fundamental wave) generated by the optical resonator is output as a 
second harmonic wave which has a one-half the wavelength (double the 
frequency) of the fundamental wave as a result of propagation of the 
fundamental wave through the nonlinear optical material. 

Published Japanese patent application S63- 121829 provides an 
example of this sort of wavelength converting laser device. Especially in a 
wavelength converting laser device of embodiment three and Figure 3 of that 
publication, an optical resonator is provided by connecting a laser diode and a 
wavelength converter and forming a reflector at the one facet thereof in an 
integrated structure. High conversion efficiency is achieved through increased 
intensity of light by placing the wavelength converter within the optical 
resonator, even if the pump source is small and low power and produces 
continuous-wave light, as laser diodes. 

However, there is a limit to the power that can be obtained with such a 
wavelength converting laser device, since this wavelength converting laser 
device includes a laser diode and a wavelength converter. It is impossible to 
produce a Watt-level laser (fundamental wave) with a narrow stripe 
semiconductor lasers having a small light emitting area. On the other hand, 
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since a mode control of a horizontal transverse mode horizontal to an active 
layer (horizontal transverse mode) is not achieved in a broad-area laser diode 
having a large light emitting area and Watt-level power, , that laser oscillates 
with multitude transverse modes and has low beam quality. Where this sort of 
broad-area laser diode is used, it is impossible to obtain a highly efficient 
wavelength converting laser device since a laser (fundamental wave) with low 
beam quality has insufficient coupling efficiency or insufficient angle-turned 
phase matching with the wavelength converter. 

As described above, it is impossible for previous wavelength 
converting laser device to produce a laser having Watt-level power and high 
efficiency at the same time. 

It is an objective of this invention to solve the above mentioned 
problem of the previous wavelength converting laser device. 

DISCLOSURE OF THE INVENTION 
A wavelength converting laser device according to the invention 
comprises a laser diode including an optical resonator having a pair of facing 
reflectors with a reflecting surface which reduces loss in optical resonator 



with regard to a specific horizontal transverse mode of a laser as compared to 
loss in optical resonator for other horizontal transverse modes and comprises 
a wavelength converter whereby the wavelength of the laser, is converted into 
a harmonic. 

As stated above, this wavelength converting laser device using a 
broad-area laser diode having a large light emitting area and Watt-level 
power output, oscillates with a high beam quality transverse mode through 
mode control of the horizontal transverse mode by the optical resonator. 
Therefore, the laser (fundamental wave) having Watt level power output as 
well as high beam quality achieves sufficient coupling efficiency or 
angle-turned phase matching with the wavelength converter and achieves 
highly efficient wavelength conversion. 

BRIEF DESCRIPTION OF DRAWINGS 
Fig. l(a) is a cross section parallel to vertical direction showing 

structure of a wavelength converting laser device in accordance with a first 

embodiment of the invention. 

Fig. 1(b) is a cross section parallel to horizontal direction showing the 



structure of the wavelength converting laser device in accordance with the 
first embodiment of the invention. 

Fig. 2(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
first embodiment of the invention. 

,Fig. 2(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
first embodiment of the invention. 

Fig. 3(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with a 
second embodiment of the invention. 

Fig. 3(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
second embodiment of the invention. 

Fig. 4(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with a third 
embodiment of the invention. 

Fig. 4(b) is a cross section parallel to horizontal direction showing 
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structure of the wavelength converting laser device in accordance with the 
third embodiment of the invention. 

Fig. 5(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
third embodiment of the invention. 

Fig. 5(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
third embodiment of the invention. 

Fig. 6(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with a 
fourth embodiment of the invention. . 

Fig. 6(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
fourth embodiment of the invention. 

Fig. 7(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with a fifth 
embodiment of the invention. 

Fig. 7(b) is a cross section parallel to horizontal direction showing 



structure of the wavelength converting laser device in accordance with the 
fifth embodiment of the invention. 

Fig. 8(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
fifth embodiment of the invention. 

Fig. 8(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
fifth embodiment of the invention. 

Fig. 9(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with a sixth 
embodiment of the invention. 

Fig. 9(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 10(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 10(b) is a cross section parallel to horizontal direction showing 
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structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 11(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 11(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 12(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 12(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
sixth embodiment of the invention. 

Fig. 13(a) is a cross section parallel to vertical direction showing 

structure of the wavelength converting laser device in accordance with a 

seventh embodiment of the invention. 

Fig. 13(b) is a cross section parallel to horizontal direction showing 
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structure of the wavelength converting laser device in accordance with the 
seventh embodiment of the invention. 

Fig. 14(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with the 
seventh embodiment of the invention. 

Fig. 14(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
seventh embodiment of the invention. 

Fig. 15(a) is a cross section parallel to vertical direction showing 
structure of the wavelength converting laser device in accordance with an 
eighth embodiment of the invention. 

Fig. 15(b) is a cross section parallel to horizontal direction showing 
structure of the wavelength converting laser device in accordance with the 
eighth embodiment of the invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 
Embodiment 1 

A wavelength converting laser device in accordance with the first 
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embodiment of this invention includes a laser diode and a wavelength 
converter disposed in an optical resonator. A laser (fundamental wave) 
oscillating within the optical resonator is putput after wavelength conversion 
into a harmonic by the wavelength converter. Vertical transverse mode of the 
laser (fundamental wave) and the harmonic is controlled by an optical 
waveguide structure. The horizontal transverse mode of the laser 
(fundamental wave) and the harmonic is controlled by the optical resonator. 

Fig.l and Fig.2 shows a structure of the wavelength converting laser 
device of the first embodiment of the invention. In addition, (a) illustrates a 
vertical cross-sectional view of the structure of the wavelength converting 
laser device perpendicular to an active layer of the laser diode, and (b) 
illustrates a horizontal cross-sectional view of the structure of the wavelength 
converting laser device horizontal to an active layer of the laser diode. 

In the Fig.l, the active layer la made of, . for example, an 
InGaAs-based compound semiconductor is formed in a laser diode 1. The 
active layer la has a thickness of about 1 n m and provides a slab waveguide 
which controls vertical transverse mode of a laser (fundamental wave). A pn 
junction is formed at boundaries of the active layer la. The stripe width of the 
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active layer is 200 mhi, it is a so-called broad-area, and has a high power 
output characteristic with an output power of more than 5 Watts. Further, the 
length of the laser diode 1 in the direction axis direction of the optical 
resonator is 4 mm and the laser diode 1 has a gain bandwidth of about 3 nm, 
centering around a wavelength of 946 nm. The wavelength converter 2 is 
made of, for example, MgO - LiNb03 crystal having a periodically 
domain-inversed structure, and the z-axis of the crystal is aligned with a 
horizontal direction of the active layer la. The wavelength converter 2 has a 
slab waveguide 2a comparable in thickness to the thickness of the active layer 
la of the laser diode 1 and having a wide width controlling the vertical 
transverse mode of the laser (fundamental wave) and a harmonic. Besides, 
length of the wavelength converter in the direction axis direction of the optical 
resonator is 10mm. The periodically domain-inversed structure, as illustrated 
by the striped pattern in the figures, has a domain-inversed period of 4.6 p. m 
in the direction axis direction. Further, the active layer la of the laser diode 1 
and the slab waveguide 2a of the wavelength converter 2 are connected on 
their faces. The Reference number 3 indicates a first reflector, and reference 
number 4 indicates a second reflector. These reflectors are part of the optical 
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resonator and the wavelength converter 2 is disposed within the optical 
resonator. The first reflector 3 is formed on a one facet of the laser diode 1 in 
an integrated structure and provides a coating which almost totally reflects 
light at a wavelength of 946 nm. The second reflector 4 is integrated with the 
wavelength converter 2 and is a 

distributed-reflectance-Bragg-grating-reflector (hereinafter called grating) 
which almost totally reflects light at a wavelength of 946 nm and has a high 
transmittance for light at a wavelength of 473 nm. Besides, the second 
reflector 4 has a 180 mm radius of curvature in the horizontal direction in 
order to control the horizontal transverse mode of the laser diode 1. 
Furthermore, in order to select a lasing wavelength, the first reflector 3 and 
the second reflector 4 have reflectance spectra with about 0.02 nm wavelength 
widths centered around a wavelength of 946 nm. The Reference number 5 
illustrates simplified cross section parallel to horizontal direction of the 
fundamental wave beam traveling back and forth in the optical resonator. 

Next, operation of the embodiment is explained. 

When forward current is applied to the laser diode 1 from an electrode 
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omitted from the figures, electrons and holes are injected into the active layer 
la and light emission occurs as a result of recombination of the electrons and 
the holes. In the optical resonator, the first reflector 3 and the second reflector 
4 face each other. Then, stimulated emission occurs by forming an inverted 
population by increasing the injected current, whereby a laser with a 
wavelength of 946 nm is amplified. This wavelength is corresponding to the 
reflectance spectra of the first reflector 3 and the second reflector 4. Laser 
oscillation occurs when amplification gain of the laser exceeds resonator loss, 
including absorption loss in the laser diode 1, transmission loss in the first 
reflector 3 and the second reflector 4, and losses due to the wavelength 
conversion and scattering in the wavelength converter. 

At this moment, in the laser diode 1, the vertical transverse mode of 
the laser (fundamental wave) is controlled by the active layer la. The vertical 
transverse mode of the laser (fundamental wave) and the harmonic is 
controlled by the slab waveguide 2a in the wavelength converter 2. On the 
other hand, the horizontal transverse mode of the laser (fundamental wave) 
and the harmonic is not controlled by the active layer la and the slab 
waveguide 2a. The horizontal transverse mode of the laser (fundamental 
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wave) is controlled by the first reflector 3 and the second reflector 4 which has 
the 180 nm radius of curvature. The spatial mode of the optical resonator is 
governed by the stripe width of the active layer and the radius of curvature of 
the second reflector 4. The laser (fundamental wave) having a horizontal 
transverse mode with low loss in optical resonator oscillates and a wavefront 
of the laser (fundamental wave) at the second reflector 4 becomes almost 
parallel to the reflecting surface. 

The broad-area laser diode 1 has a high power output characteristic. It 
is possible to prevent optical damage and temperature rise at the wavelength 
converter 2, from occurring by decreasing the power density of the laser 
(fundamental wave) by expanding the beam dimension in the horizontal 
direction. Thus, the harmonic can have a high-power. Both of the laser diode 1 
and the wavelength converter 2 have an optical waveguide structure. It is 
possible to make the wavelength conversion in the wavelength converter 2 
highly efficient by matching, in the vertical direction, waveguide mode of an 
optical waveguide comprising the laser diode 1 and the wavelength converter 
2, and by decreasing, in the horizontal direction, coupling loss of the laser 
(fundamental wave) traveling between the laser diode 1 and the wavelength 
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converter 2, as the spectral mode comprising, the optical resonator including 
the pair of the reflectors. 

Since, especially due to the slab wave guide 2a of the wavelength 
converter 2, the power density of the laser (fundamental wave) and harmonic 
are reduced through expanding the beam dimension horizontally in the 
wavelength converter 2. Therefore the heat generation caused by light 
absorption and temperature rising are prevented due to the enlarged heat 
releasing area. 

For this reason, discrepancy in phase matching wavelength caused by 
temperature rise is reduced and makes the wavelength conversion in the 
wavelength converter 2 highly effective. y 

In addition, because the wavelength converter 2 has the periodically 
domain-inversed structure, quasi-phase matching arises for the propagating 
harmonic, so it is possible to make the wavelength conversion in the 
wavelength converter 2 highly effective. 

By the way, since the refractive index of nonlinear optical material is 

wavelength dispersive, phase velocity is different between the fundamental 

wave and the second harmonic wave and the second harmonic wave generated 
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at each point propagates with a phase difference between each harmonic. 
When the second harmonic wave generated at each point propagates beyond a 
coherence length lc, which providing a difference of k , the intensity of a 
synthesized harmonic decreases. Therefore, the intensity increases and 
decreases with a period of the coherence length. So, in the periodically 
domain-inversed structure, The sign of a nonlinear optical constant of the 
nonlinear optical material, i.e., a direction of spontaneous polarization of a 
ferroelectric material, is reversed with a period of the coherence length. When 
the wavelength of the fundamental wave is X 1, the wavelength of the second 
harmonic wave is X 2, refractive index of the nonlinear optical material at the 
fundamental wave is nl, refractive index at the second harmonic wave is n2, 
and it is assumed that wave number vector of the fundamental wave kl= (2 
7c nl/ X 1) , wave number vector of the second harmonic wave k2= (2 n n2/ X 2) , 
and phase mismatching amount Ak=2kl — k2, then the coherence length lc is 
represented by 

lc= 7u/Ak = ^ 1/4/ (nl - n2) . 

(1) 
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The phase of the second harmonic wave reverses in the period of 
coherence length and this becomes Quasi-Phase Matching compensating the 
phase of a synthesized harmonic and its intensity increases, in an additive 
manner, to generate the second harmonic wave efficiently. 

As to the periodically domain-inversed structure, periodic pattern 
electrodes are formed on a substrate surface of the nonlinear optical material, 
so the polarization is inverted by applying a voltage exceeding the hold 
voltage of the ferroelectric material by the electric field application method. It 
is manufactured at interval of the coherence length, which is at a micron order, 
by applying the process technology for semiconductor. 

When LiNb03 crystal, which has a large nonlinearity coefficient, is 
used as the nonlinear optical material, highly efficient wavelength conversion 
is performed at d33, which is the largest component of the nonlinearity 
coefficient in the Quasi-Phase Matching. 

However^ there is a limit in obtaining high power output, because the 
LiNb03 crystal readily suffers an optical damage so the power density of the 
fundamental wave is restricted. When MgO doped MgO^LiNb03 crystal is 
used, resistace against optical damage increases and it makes possible to 
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obtain high power. 

In addition, since the polarization of the laser (fundamental wave) 
traveling back and force within the optical resonator is defined in the 
horizontal direction, it is possible to make the wavelength conversion in the 
wavelength converter highly efficient by aligning the z~axis of crystal axis 
having the greatest nonlinearity coefficient of the MgO^LiNb03 crystal and 
the direction of polarization of the laser (fundamental wave). 

The interval of longitudinal modes of the laser (fundamental wave) 
depends on the length of the optical resonator and is 0.013nm, which is 
sufficiently small. 

A longitudinal mode in the vicinity of wavelength 946 nm and within 
the wavelength width of the reflectance spectra of the first reflector 3 and the 
second reflector 4 is selected as a lasing wavelength of the laser (fundamental 
wave). 

In order to select the longitudinal mode, the second reflector 4 includes 
the grating. Therefore, it is possible to make the wavelength conversion in the 
wavelength converter 2 highly efficient by reducing the phase mismatch of the 
harmonic by matching the phase matching wavelength of the wavelength 
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converter 2 and the lasing wavelength of the laser (fundamental wave). Since 
the interval of the longitudinal modes is small enough, it is possible to control 
the lasing wavelength of the laser (fundamental wave) to be set sufficiently 
near the phase matching wavelength. 

Since the first reflector 3 and the second reflector 4 are integrated in 
the optical waveguide including the laser diode 1 and the wavelength 
converter 2, diffraction loss of the laser (fundamental wave) traveling back 
and force within the optical resonator by reflecting toward the optical wave 
guide by the first reflector 3 and the second reflector 4 can be reduced. 
Therefore it is possible to make the harmonic high power by the laser 
(fundamental wave) oscillating with high power. 

Since the laser (fundamental wave) is not output outside of the optical 

resonator and keeps confined within the optical resonator by the total 

reflection of the first reflector 3 and the second reflector 4, only the 

wavelength-converted harmonic is output outside because of the high 

transmittance of the second reflector 4. Since the wavelength converter is 

disposed inside the optical resonator within which the laser (fundamental 

wave) with high power is confined, the harmonic which is produced by 
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wavelength conversion with high efficiency is output with high power. 

As stated above, the wavelength of the laser (fundamental wave) with 
a wavelength of 946 nm is converted at high efficiency, the harmonic with a 
wavelength of 473 nm is output with high power of 3 Watt. 

Besides, as illustrated in Fig. 2, it is acceptable to interchange the 
coating and grating as to the first reflector 3 and the second reflector 4. In Fig. 
2, the first reflector 3 is formed on the laser diode 1 in an integrated manner, 
as is the grating, which almost totally reflects light with a wavelength of 946 
nm. The second reflector 4 is a coating integrated at the facet of wavelength 
converter 2 and almost totally reflects light at a wavelength of 946 nm and 
has a high transmittance for light at a wavelength of 473 nm. The coating 
representing the second reflector 4 is formed on the curved surface of the facet 
of the wavelength converter 2, and has a radius of curvature of 180 nm in the 
horizontal direction in order to control the horizontal transverse mode of the 
laser (fundamental wave). 

In addition, the coating of the first reflector 3 and the grating of the 

second reflector 4 have reflectance spectra with about a 0.02 nm wavelength 

bandwidths centered around the wavelength of 946 nm in order to select a 
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lasing wavelength. The structure as illustrated in Fig. 2 can also provide the 
same effect as the structure of Fig. 1. 

As stated above, the wavelength converting laser device in 
embodiment 1 of this invention, as to the broad-area laser diode having the 
large light emitting area and Watt-level power output, makes it possible to 
produce oscillation with high quality transverse mode through the mode 
control of the horizontal transverse mode by the optical resonator. Therefore, 
since the laser (fundamental wave) having Watt level power output as well as 
high beam quality produces sufficient coupling efficiency, it is possible to 
achieve wavelength conversion with high efficiency. Further, it is possible to 
provide a wavelength converting laser device having Watt-level power output 
as well as high efficiency. 

Embodiment 2 

A wavelength converting laser device in accordance with the 
second embodiment of this invention has almost the same structure and 
operation as the wavelength converting laser device of embodiment 1, but has 
a difference in an optical resonator. 
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Fig. 3 shows a structure of the wavelength converting laser 
device in accordance with the second embodiment of this invention. Here, (a) 
illustrates a vertical cross- sectional view of the structure of the wavelength 
converting laser device perpendicular to an active layer of the laser diode, and 
(b) illustrates a horizontal cross-sectional view of the structure of the 
wavelength converting laser device horizontal to an active layer of the laser 
diode. In addition, the same reference number indicates the same or a 
corresponding part in the Figures. 

In Fig. 3, the first reflector 3 is integrated with the laser diode 1, 
and is a grating which almost totally reflects light at a wavelength of 946 nm. 
The second reflector 4 is integrated on a one facet of the wavelength converter 
2 and is a coating which almost totally reflects light at a wavelength of 946 nm 
and has a high transmittance for light at a wavelength of 473 nm. Further, the 
grating of the first reflector 3 has a 170 mm radius of curvature in the 
horizontal direction in order to control the horizontal transverse mode. 

As in the case of embodiment 1, the vertical transverse mode of the 
laser (fundamental wave) is controlled by an optical waveguide structure 
including a laser diode 1 and a wavelength converter 2. On the other hand, the 

22 



horizontal transverse mode of the laser (fundamental wave) is controlled by 
the first reflector 3 having a 170 mm radius of curvature and the second 
reflector 4. Here, the spatial mode of the optical resonator is governed by the 
stripe width of the active layer and the radius of curvature of the first reflector 
3. The laser (fundamental wave) having a horizontal transverse mode with 
low loss in optical resonator oscillates and a wavefront of the laser 
(fundamental wave) at the first reflector 3 becomes almost parallel to the 
reflecting surface. 

Furthermore, although figures are omitted, the first reflector 3 may be 
a coating having a 170 mm radius of curvature and the second reflector 4 may 
be a grating. 

The operation of the above mentioned wavelength converting 
laser device in embodiment 2 is the same as that of the embodiment 1, and 
has the same effects. 

Embodiment 3 

A wavelength converting laser device in accordance with the 
third embodiment of this invention has almost the same structure and 
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operation as the wavelength converting laser device of embodiment 1 and 
embodiment 2, but has an adjustment means for adjusting a angle-turned 
phase matching in the wavelength converter. 

Fig. 4 and Fig. 5 show a structure of the wavelength converting 
laser device in accordance with the third embodiment of this invention. Here, 
(a) illustrates a vertical cross-sectional view of the structure of the wavelength 
converting laser device perpendicular to the active layer of the laser diode, 
and (b) illustrates a horizontal cross-sectional view of the structure of the 
wavelength converting laser device horizontal to the active layer of the laser 
diode. In addition, the same reference number indicates the same or a 
corresponding part in the figures. 

In Fig. 4, as a different embodiment than Fig. 1, the laser diode 1 
is a broad-area diode having a stripe width of active layer of 100 jll m and has 
a high power output characteristic. Besides, the grating as the second 
reflector 4 has a 16 mm radius of curvature in the horizontal direction in order 
to control the horizontal transverse mode. Furthermore, the periodically 
domain-inversed structure of the wavelength converter 2 has a 
domain-inversed period of about 4.6 u m and is formed into curved surface 
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shape, almost parallel to a wavefront of the laser (fundamental wave) in the 
horizontal direction, in order to adjust the angle-turned phase matching. 

By the way, a problem of the angle-turned phase matching is 
that an allowable value of a propagation angle is restricted when the 
harmonic is performed phase matching and the fundamental wave travels 
back and forth within the wavelength converter. Therefore, it is necessary to 
achieve the laser as the fundamental wave having a nice beam quality with a 
small beam expansion. For example, under the periodically domain-inversed 
structure having the planar shape as illustrated in Fig. 1 of the embodiment 1, 
the beam of the fundamental wave expands in a curved surface manner. Thus, 
when the propagation angles are different between the center portion of the 
beam and the surrounding portion thereof by 8 , the domain-inversed period 
A changes into A /cos 5 , and this decreases conversion efficiency in the 
surrounding portion of the beam. 

Here, in the wavelength converter 2 of embodiment 3 as 

illustrated in Fig. 4, the beam of the laser (fundamental wave) expands in the 

horizontal direction and inclines by up to 0.1 deg. However, since the 

periodically domain-inversed structure is formed into the curved surface 
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shape so as to be almost parallel to the wavefront of the laser (fundamental 
wave) in the horizontal direction, the domain-inversed period almost matches 
the expansion of the beam of the fundamental wave and the harmonic receives 
a sufficient quasi-phase matching. Thus, it is possible to make the wavelength 
conversion in the wavelength converter highly efficient. 

Also, as described in. Fig. 5, as a different embodiment from Fig. 
3, the laser diode 1 is a broad-area having a stripe width of active layer of 120 
U m and has a high power output characteristic. Besides, the grating as the 
second reflector 4 has a 14 mm radius of curvature in the horizontal direction 
in order to control the horizontal transverse mode. Furthermore, the 
periodically domain-inversed structure of the wavelength converter 2 has a 
domain-inversed period of 4.6 p, m and is formed into curved surface shape, 
almost parallel to the wavefront of the laser (fundamental wave) in the 
horizontal direction, in order to adjust the angle-turned phase matching. In 
the wavelength converter 2, the beam of the laser (fundamental wave) 
expands in the horizontal direction and inclines by up to 0.06 deg. However it 
is possible to achieve the same operation and the effect as the case of Fig. 4 by 
the structure as illustrated in Fig. 5. 
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As mentioned above, since, in the wavelength converting laser 
device in accordance with the third embodiment of the invention, the 
periodically domain-inversed structure is formed into curved surface shape, 
almost parallel to the wavefront of the laser (fundamental wave), in order to 
adjust the angle-turned phase matching, it is possible to make the 
quasi-phase matching sufficient and to achieve the highlly efficient 
wavelength conversion. 

Embodiment 4 

A wavelength converting laser device in accordance with the 
fourth embodiment of the invention has almost the same structure and 
operation as the wavelength converting laser device of embodiment 3, but 
includes an optical waveguide device on which a reflector of an optical 
resonator is formed. 

Fig. 6 shows a structure of the wavelength converting laser 
device in accordance with the fourth embodiment of this invention. Here, (a) 
illustrates a vertical cross-sectional view of the structure of the wavelength 
converting laser device perpendicular to the active layer of the laser diode, 
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and (b) illustrates a horizontal cross-sectional view of the structure of the 
wavelength converting laser device horizontal to the active layer of the laser 
diode. In addition, the same reference number indicates the same or a 
corresponding part in the figures. 

In Fig. 6 7 reference number 6 indicates the optical waveguide 
device including a slab waveguide 6a having the almost same thickness as 
that of the slab waveguide 2a of the wavelength converter 2. Besides, the 
wavelength converter has a length of 5mm, and the second reflector 4 is a 
grating integrated on the optical waveguide device and has a 130 mm radius 
of curvature in the horizontal direction. 

Operation of the above mentioned wavelength converting laser 
device of embodiment 4 is the same as that of embodiment 3, and the effect is 
also the same. In addition, since the second reflector 4 is formed on the 
independent optical waveguide device and this allows to select or to change 
among second reflectors 4 having different design, the flexibility of design for 
the wavelength converting laser device is improved. 

Furthermore, although illustration is omitted, it is acceptable to 
make the first reflector 3 as a grating integrated on an optical waveguide 
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device which includes a slab waveguide having almost the same thickness as 
that of the active layer la of the laser diode 1. It is possible to achieve the 
same effects. 

Embodiment 5 

A wavelength converting laser device in accordance with the fifth 
embodiment of the invention has almost the same structure and operation as 
the wavelength converting laser device of embodiment 3, but includes a 
reflector configured to reflect the harmonic between the laser diode and the 
wavelength converter. Fig. 7 and Fig. 8 show a structure of the wavelength 
converting laser device in accordance with the fifth embodiment of this 
invention. Here, (a) illustrates a vertical cross-sectional view of the structure 
of the wavelength converting laser device perpendicular to the active layer of 
the laser diode, and (b) illustrates a horizontal cross- sectional view of the 
structure of the wavelength converting laser device horizontal to the active 
layer of the laser diode. In addition, the same reference number indicates the 
same or a corresponding part in the figures. 

In Fig. 7, the reference number 7 indicates a third reflector which is 
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placed between the laser diode 1 and the wavelength converter 2 and which is 
a coating that almost totally reflects light at a wavelength of 473 nm. Besides, 
in Fig. 8, the third reflector 7 is formed on an optical waveguide device 6 
disposed between the laser diode 1 and the wavelength converter 2 and is a 
grating that almost totally reflects light at a wavelength of 473 nm. 

Under the structure in which the wavelength converter 2 is disposed 
within the optical resonator, since the laser (fundamental wave) travels back 
and forth within the optical resonator, the wavelength of the laser 
propagating towards the direction of the laser diode 1 from the wavelength 
converter 2 is also converted to the harmonic by the wavelength converter 2. 
Therefore, it is possible to make producing of the harmonic more highly 
efficient through reflecting the laser propagating towards the direction of the 
laser diode 1 from the wavelength converter 2 by the third reflector 7 and 
outputting them from the second reflector. Furthermore, it is possible to 
prevent optical damage and temperature rise, caused by absorption of the 
harmonic in the active layer la of the laser diode 1, from occurring, by 
blocking the incidence of the harmonic into the laser diode 1 by the third 
reflector 7. 
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Embodiment 6 

A wavelength converting laser device in accordance with the sixth 
embodiment of the invention has almost the same structure and operation as 
the wavelength converting laser device of embodiment 5, but includes a 
vertical transverse mode converting means between the laser diode and the 
wavelength converter. Fig. 9, Fig. 10, Fig. 11 and Fig. 12 show a structure of 
the wavelength converting laser device in accordance with the sixth 
embodiment of this invention. Here, (a) illustrates a vertical cross-sectional 
view of the structure of the wavelength converting laser device perpendicular 
to the active layer of the laser diode, and (b) illustrates a horizontal 
cross-sectional view of the structure of the wavelength converting laser device 
horizontal to the active layer of the laser diode. In addition, the same 
reference number indicates the same or a corresponding part in the figures. 

In Fig. 9, the thickness of the slab waveguide of the laser diode 1 is 

different than that of the slab waveguide of the wavelength converter. The 

reference number 8 estimates transverse mode converting means in which a 

thickness of a slab waveguide formed on an optical waveguide changes 
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gradually. In Fig. 10, the wavelength converting laser device includes, as the 

transverse mode converting means 8, a cylindrical lens having a curved 

surface only in the vertical direction. In Fig. 11, the wavelength converting 

laser device includes, as the transverse mode converting means 8, a 

graded-index-type lens having a distribution of the refractive index under 

which the reflection gradually decreases in the vertical direction. In Fig. 12, a 

thickness of the active layer la of the laser diode 1 changes gradually as the 

transverse mode converting means 8. When the thickness and distribution of 

the refractive index of the slab waveguide are different between the laser 

diode 1 and the wavelength converter 2, a mode mismatching between the 

vertical transverse mode of the laser in the laser diode 1 and the vertical 

transverse mode of the laser in the wavelength converter 2 occurs. Therefore, 

it is possible to decrease the coupling loss of the laser (fundamental wave) 

propagating between the laser diode 1 and the wavelength converter 2 and 

possible to make the wavelength conversion in the wavelength converter 

highly effective, through respectively adjusting, by the transverse mode 

converting means 8, beam diameter, expansion angle and wavefront of the 

laser (fundamental wave) entering the slab waveguide of the laser diode 1 and 
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the wavelength converter 2. 



Embodiment 7 

A wavelength converting laser device in accordance with the seventh 
embodiment of the invention has almost the same structure and operation as 
the wavelength converting laser device of embodiment 5, but includes a 
temperature control means for the laser diode and the wavelength converter. 
Fig. 13 and Fig. 14 show a structure of the wavelength converting laser device 
in accordance with the seventh embodiment of this invention. Here, (a) 
illustrates a vertical cross-sectional view of the structure of the wavelength 
converting laser device perpendicular to the active layer of the laser diode, 
and (b) illustrates a horizontal cross-sectional view of the structure of the 
wavelength converting laser device horizontal to the active layer of the laser 
diode. In addition, the same reference number indicates the same or a 
corresponding part in the figures. 

In Fig. 13, reference number 9 indicates a temperature control means 
disposed to come into contact with the wavelength converter 2 and being a 
peltier device (thermoelectric device) changing and maintaining the 
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temperature of the wavelength converter 2. 

If the temperature control means 9 changes the temperature of the 
wavelength converter 2, a phase matching wavelength causes 
wavelength-shift due to a change of the refractive index and thermal 
expansion. On the other hand, the temperature of the second reflector 4 
integrated with the wavelength converter 2 changes also and the reflectance 
spectrum cause wavelength-shift due to the change of refractive index of the 
grating and the thermal expansion. Then, a lasing wavelength of the laser 
(fundamental wave) depending on this reflectance spectrum causes 
wavelength-shift. Here, since the ratio of the wavelength-shift to the 
temperature change is different between the phase matching wavelength and 
the lasing wavelength, it is possible to adjust them so as to almost much the 
phase matching wavelength with the lasing wavelength by controlling the 
temperature of the wavelength converter 2. It is possible to reduce the phase 
mismatching amount of the harmonic and is possible to make the wavelength 
conversion by the wavelength converter 2 highly efficient by these adjustment. 
Besides, although the longitudinal mode of the laser (fundamental wave) is 
discrete, since the interval of the longitudinal modes of this embodiment is 
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sufficiently small, it is possible to adjust them so as to almost much the phase 
matching wavelength with the lasing wavelength. 

Further, in Fig. 14, the temperature control means 9 is a peltier device 
(thermoelectric device) disposed so as to come into contact with the laser diode 
1, wavelength converter 2, and the optical waveguide device 6, which changes 
and maintains the temperature of them. 

Based on the structure as illustrated in Fig. 14, even if ambient 
temperature changes, it is possible to suppress change of the refractive index 
and thermal expansion and possible to stabilize the high power output and 
high efficiency characteristic as the wavelength converting laser device, 
through keeping the temperature of the laser diode 1, wavelength converter 2, 
and the optical waveguide device 6 constant by the temperature control means 
9. 

By the way, if the ratio of the wavelength-shift to the temperature 

change at the phase matching wavelength is configured to be almost the same 

as that at the lasing wavelength, the conversion efficiency is kept almost 

constant without temperature control. Therefore, it is possible, for the 

structure as illustrated in Fig. 14, to counterbalance the change of refractive 
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index due to the temperature change and influence by the thermal expansion 
of each element by selecting a suitable material for the optical waveguide 
device 6. Therefore, even if ambient temperature changes, it is possible to 
reduce the phase mismatching amount of the harmonic by matching the phase 
matching wavelength of the wavelength converter 2 with the lasing 
wavelength of the laser (fundamental wave) without the temperature control, 
and is possible to make the wavelength conversion in the wavelength 
converter 2 highly efficient. 

Embodiment 8 

A wavelength converting laser device in accordance with the eighth 
embodiment of this invention includes a wavelength converter disposed 
outside of the laser diode and the optical resonator. A laser (fundamental 
wave) oscillating within the optical resonator is output after wavelength 
conversion into a harmonic by the wavelength converter. Vertical transverse 
mode of the laser (fundamental wave) and of the harmonic is controlled by an 
optical waveguide structure. The horizontal transverse mode, of the laser 
(fundamental wave) is controlled by the optical resonator. Fig. 15 shows a 
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structure of the wavelength converting laser device of the eighth embodiment 
of the invention. In addition, (a) illustrates a vertical cross-sectional view of 
the structure of the wavelength converting laser device perpendicular to an 
active layer of the laser diode, and (b) illustrates a horizontal cross-sectional 
view of the structure of the wavelength converting laser device horizontal to 
an active layer of the laser diode. In addition, the same reference number 
indicates the same or a corresponding part in the Figures. 

In Fig. 15, the first reflector 3 is formed on a one facet of the laser 
diode 1 in an integrated structure and provides a coating which almost totally 
reflects light at a wavelength of 946 nm. The second reflector 4 is integrated 
with the laser diode 1 and is a grating which partially reflects light at a 
wavelength of 946 nm. Besides, the grating of the second reflector 4 has a 
radius of curvature in the horizontal direction in order to control the 
horizontal transverse mode. The wavelength converter 2 is disposed outside of 
the optical resonator keeping in touch with a one facet of the laser diode 1. 

Next, operation of the embodiment is explained. 

Like the embodiment 1, laser oscillation occurs when amplification 

gain of the laser exceeds resonator loss, including absorption in the laser diode 
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1 and transmission loss in the first reflector 3 and the second reflector 4. 

At this moment, in the laser diode 1, the vertical transverse mode of 
the laser (fundamental wave) is controlled by the active layer la. In the 
wavelength converter 2, the vertical transverse mode of the laser 
(fundamental wave) and of the harmonic is controlled by the slab waveguide 
2a. On the other hand, the horizontal transverse mode of the laser 
(fundamental wave) and of the harmonic is not controlled by the active layer 
la and the slab waveguide 2a. The horizontal transverse mode of the laser 
(fundamental wave) is controlled by the first reflector 3 and the second 
reflector 4 which has the radius of curvature. Here, the spatial mode of the 
optical resonator is governed by the radius of curvature of the second reflector 
4. The laser (fundamental wave) having a horizontal transverse mode with 
low loss in optical resonator oscillates and a wavefront of the laser 
(fundamental wave) at the second reflector 4 becomes almost parallel to the 
reflecting surface. 

Here, the broad-area laser diode 1 has a high power output 

characteristic. It is possible to prevent optical damage and temperature rise at 

the wavelength converter 2 from occurring by decreasing the power density of 
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the laser (fundamental wave) by expanding the beam dimension in the 
horizontal direction. Thus, the harmonic can have a high-power. Both of the 
laser diode 1 and the wavelength converter 2 have an optical waveguide 
structure. It is possible to make the wavelength conversion in the wavelength 
converter 2 highly efficient by matching, in the vertical direction, the 
waveguide mode of the optical waveguide comprising the laser diode 1 and the 
wavelength converter 2, and by decreasing, in the horizontal direction, 
coupling loss of the laser (fundamental wave) traveling between the laser 
diode 1 and the wavelength converter 2, as the spectral mode comprising the 
optical resonator including the pair of the reflectors. 

As to the laser (fundamental wave) traveling back and forth within the 
optical resonator, its polarization is defined in the horizontal direction. 
Therefore, it is possible to make the wavelength conversion in the wavelength 
converter highly efficient by aligning the z-axis of crystal axis having the 
greatest nonlinear coefficient of wavelength converter 2 with the direction of 
polarization of the laser (fundamental wave). In addition, because the 
wavelength converter 2 has the periodically domain-inversed structure, 

quasi-phase matching arises for the propagating harmonic, so it is possible to 
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make the wavelength conversion in the wavelength converter 2 highly 
efficient. Furthermore, the periodically domain-inversed structure is formed, 
along with a direction which the beam propagates, to be almost parallel to the 
wavefront of the laser (fundamental wave) in the horizontal direction. Thus, 
since this makes the angle-turned phase matching sufficient, it is possible to 
make the wavelength conversion in the wavelength converter 2 highly 
efficient. 

The interval of the longitudinal mode of the laser (fundamental wave) 
depends on length of the optical resonator and is 0.13nm. As a lasing 
wavelength of the laser, a longitudinal mode, around the wavelength of 946 
nm, within the wavelength bandwidths of reflectance spectra of the first 
reflector 3 and the second reflector 4 is selected. In order to select the 
longitudinal mode, the second reflector 4 includes the grating. Therefore, it is 
possible to make the wavelength conversion in the wavelength converter 2 
highly efficient by reducing the phase mismatch of the harmonic by matching 
the phase matching wavelength of the wavelength converter 2 and the lasing 
wavelength of the laser (fundamental wave). 
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Embodiment 9 

A display device in accordance with the ninth embodiment of this 
invention uses any one of the wavelength converting laser device in 
accordance with embodiments 1*8 as a light source to generate images. The 
display device of this invention modulates a laser from a high-intensity light 
source by an optical modulating means and projects them to generate images 
on a screen. For example, among three elementary colors, a wavelength 
converting laser device having a 3 Watt power output at a wavelength of 473 
nm is used for a blue light source and a wavelength converting laser device 
having a 2 Watt power output at a wavelength of 532 nm is used for a green 
light source. Besides, among the three elementary colors, as a red light source, 
laser diode device is used. 

Further, as the optical modulating means, a liquid crystal or a digital 
reflecting element DMD (Digital Micro-mirror Device) is used. In a liquid 
crystal display device using the liquid crystal as the optical modulating means, 
an element is made by holding a liquid crystal material between, for example, 
glass substrates and images are generated by utilizing the change of optical 
property of the element, caused with change of the molecular arrangement of 
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the liquid crystal, caused by applying an external electric field. 

Also, in a micro -mirror display device using the DMD as the optical 
modulating means, images are generated by arranging, in two-dimensions, 
micro-mirrors produced by MEMS technology (Micro Electro Mechanical 
Systems) and by on-off driving through swinging each mirror. 

When the wavelength converting laser device is used as a light source 
for generating images, since it has an advantage of monochromatic output and 
high intensity of the laser compared with conventional lamp apparatuses, it is 
possible to improve the usability of light energy in generation of images by the 
optical modulating means. Besides, since the wavelength converting laser 
device has an advantage such as higher efficiency and longer operating life 
compared with conventional lamp apparatuses, it is possible to make the 
display device energy conserving and have a longer operating time. 
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